Anatomic and functional neuroimaging with magnetic resonance imaging (MRI) includes the technology more widely known as magnetic resonance spectroscopy (MRS). Now a routine automated "add-on" to all clinical magnetic resonance scanners, MRS, which assays regional neurochemical health and disease, is therefore the most accessible diagnostic tool for clinical management of neurometabolic disorders. Furthermore, the noninvasive nature of this technique makes it an ideal tool for therapeutic monitoring of disease and neurotherapeutic decision making. Among the more than 100 brain disorders that fall within this broad category, MRS contributes decisively to clinical decision making in a smaller but growing number. In this review, we will cover how MRS provides therapeutic impact in brain tumors, metabolic disorders such as adrenoleukodystrophy and Canavan's disease, Alzheimer's disease, hypoxia, secondary to trauma or ischemia, human immunodeficiency virus dementia and lesions, as well as systemic disease such as hepatic and renal failure. Together, these eight indications for MRS apply to a majority of all cases seen. This review, which examines the role of MRS in enhancing routine neurological practice and treatment concludes: 1) there is added value from MRS where MRI is positive; 2) there is unique decision-making information in MRS when MRI is negative; and 3) MRS usefully informs decision making in neurotherapeutics. Additional efficacy studies could extend the range of this capability.
BACKGROUND OF MAGNETIC RESONANCE SPECTROSCOPY
Magnetic resonance spectroscopy (MRS) defines neurochemistry on a regional basis by acquiring a radiofrequency signal with chemical shift from one or many voxels or volumes previously selected on MRI. From the resulting spectrum, up to 80 brain metabolites or flux rates can be distinguished. 1 Each neurometabolite is localized on a horizontal scale (chemical shift), and their relative metabolite concentration is determined from the metabolite's peak height (FIG. 1) . Routine neuroimaging centers are confined to automated or ready-made method of MRS, nevertheless, have found sufficient diagnostic information in proton ( 1 H) MRS, which defines fewer than 15 brain metabolites. 1 H MRS and routine MRI share the same radio-frequency range (and hence need no expensive upgrades to the MR scanner) and is therefore cost effective and expeditious. Prescribing a voxel, acquiring and displaying the metabolite scan, are accomplished in fewer than 3 min (not 35 min as stated in a recent Medicare Technology Assessment from Duke University 2 ), with the electronic display, film, and interpretation available before the patient leaves the scanner. We therefore confine this review to proton spectroscopy. Discussion of the remaining approximately 65 brain metabolites for which special equipment is required is among the future directions for spectroscopy. lipid in the spectrum unless the area includes subcutaneous fat from the skull. The presence of lipid can have diagnostic value in brain tumor where lipid indicates necrosis. 5 In this extreme setting, a third lipid peak, at 2 ppm may displace or mask the normal NAA resonance.
Lactate
Lactate is generally seen as a doublet (two peaks close together) that has a frequency of exactly 1.33 ppm. Again, healthy tissue does not have sufficient lactate to be detectable with MRS. CSF contains lactate at about 1 mM so that if the voxel is placed entirely in the ventricle lactate will appear in the spectrum (a potential source of error when examining patients with hydrocephalus). Lactate as a product of anaerobic glycolysis is detected in diseased brain, which is oxygen starved in stroke, mitochondrial myopathy, encephalopathy, lactacidosis, and stroke, recovery from cardiac arrest, neonatal hypoxia, etc. It is of greatest diagnostic value in cases of brain injury or trauma where hypoxia is part of the differential. It is also a nonspecific marker of tumor aggressiveness and is found in cysts and abscesses of all types. 
N-acetyl aspartate
At 2.0 ppm, NAA is an amino acid derivative synthesized in neurons and transported down axons. It is therefore an almost 100%-specific marker of viable neurons, axons, and dendrites. The diagnostic value of NAA lies in the ability to quantify neuronal injury or loss on a regional basis. 
Glutamate-glutamine
A mixture of closely related amino acids, amines and derivatives closely involved in excitatory and inhibitory neurotransmission that lies between 2.1 and 2.4 ppm. Because these are also integral products of intact TCA (Krebs) cycle activity and mitochondrial redox systems, Glx offers a vital marker(s) in MRS of stroke, lymphoma, hypoxia, and many metabolic brain disorders. 5 
Creatine
The primary resonance of creatine lies at 3.0 ppm. As phosphocreatine, it is the central energy marker of both neurons and astrocytes. A "constant" in the normal brain spectrum, the Cr peak intensity thereby standardizes its interpretation. Metabolite/Cr peak height ratios are astonishingly reproducible and a visual pattern described by Hunter's angle (HA) (see below), can be relied upon for radiological interpretation of almost all pathological spectra.
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Choline
Cho [sometimes designated trimethylamine (TMA)] is an umbrella term for several soluble components of brain myelin and fluid-cell membranes that resonate at 3.2 ppm. Because by far the majority of choline-containing
FIG. 1. Representative spectrum of the human brain in vivo.
Each peak is labeled with the molecule and its structure (SciFinder). Note that lipid and lactate are not observed in healthy brain (as shown here), and therefore their absorptions are not visible. The curved arrow represents HA, which is drawn starting from mI to NAA.
brain constituents are not normally soluble, pathological alterations in membrane turnover (tumor, leukodystrophy, multiple sclerosis) result in a massive increase in MRS-visible Cho, providing a diagnostic gold mine. 
Myo-inositol
A previously little-known polyol (sugar-like molecules) that resonates at 3.6 ppm, mI is the missing osmolyte of the early neurological literature for brain volume regulation. In neurospectroscopy, mI is mostly a diagnostic modifier in those diseases that affect Cho (tumor, multiple sclerosis, etc). As an astrocyte marker and osmolyte, mI contributes specificity in dementia diagnosis and adds specificity to monitoring hepatic encephalopathy and hyponatremic brain syndromes.
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Additional resonance peaks MRS is a "spectrum" of normal and abnormal brain constituents. Lots of "odd" things turn up in the brain after ingestion: alcohol, methylsulphonylmethane (a common health food supplement), 6 mannitol and propylene glycol, common medications, glucose, acetate, acetone, succinate, phenyl-alanine, all defined by their chemical shift (ppm) and adding spice and diagnostic specificity to the clinical practice of neurospectroscopy.
Every metabolite has a normal concentration that generates a pattern of peaks that is the same from person to person unless there is an underlying pathology. Diagnosis with MRS can therefore be made by either comparing the numeric values of metabolite concentrations or by recognizing abnormal patterns of peaks in the spectra such as in electrocardiogram interpretations.
Hunter's angle. Named for an eminent neurosurgeon who applied a pocket comb to the task of recognizing the 45-degree angle formed by the peaks mI, Cr, Cho, and NAA, when they are present in normal proportions, viz: NAA/Cr ϳ1.5, Cho/Cr ϳ0.75; mI/Cr: 0.5, thus, a very rough-and-ready approach for short-echo-stimulated echo acquisition mode (STEAM) spectroscopy. Like all rules, exceptions abound-moving from STEAM to point resolved spectroscopy (PRESS), from short to long echo time (TE) and repetition time (TR), from cortex to midbrain, all change HA. Nevertheless, it is rather convincing when applied to such common MRS diagnoses as tumor (HA Ͻ Ϫ50°), stroke, AD (HA ϭ 15°), neonatal hypoxia (HA ϭ Ϫ45°) or acquired immune deficiency syndrome (AIDS)-related progressive multifocal leukomalacia (HA ϭ 0°).
Numerical peak-height ratios. With the assumption that Cr ϭ 1, software programs on most commercial MR scanners present integrals or peak heights to the second decimal place. Neurologists and radiologists are encouraged to have a table of normal values on hand (FIG. 2) , so that reports contain more than the traditional MRI "impressions." For tumor diagnosis in one scheme Cho/Cr of 0.92 Ϯ 0.05 is normal; thus, Cho/Cr Ͼ1.02 is quite possibly tumor. 7 In dementia diagnosis, normal NAA/Cr ϭ 1.25 Ϯ 0.07; a value NAA/Cr Ͻ 1.11 can be reported as probable AD.
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Multiple MRS abnormalities allow pattern recognition. As with many diagnostic modalities, combining several features greatly expands our diagnostic acumen. So too in MRS: the radiologist must strive to see these common patterns of disease and become comfortable with their neurochemical origins. A simple example, which also "reverses" HA, is the excess lipid, lactate and Cho/Cr, with absence or reduction on NAA/Cr (absent neurons) found in necrotic, anoxic, and proliferating regions of a glioma, respectively.
Recognizing the NORMAL MRS is as vital as the NORMAL MRI and, exactly as with MRI, depends 100% on the pulse sequence and other parameters. It is critical for a clinical practice to select one protocol of parameters and become absolutely familiar with the results of that protocol. Selecting different parameters for different patients will only serve to confuse the interpretation of the spectra. Indeed, one factor delaying universal acceptance is the lack of a standard for MRS reporting in this by now enormous published literature. Like comparing T2-with T1-weighted images, spectroscopy acquired with different parameters cannot be assumed to be the same. Therefore, it is essential that one to be as consistent as possible to maintain low variability and avoid misinterpretation. Figure 2 provides normative values for different ages in different regions of the brain. It is important to keep in mind the parameters that were used to acquire this normative data: PRESS, TE ϭ 35 ms, TR ϭ1.5 s, using a voxel size of 8 cm 3 .
NEUROLOGICAL DIAGNOSIS AND NEUROTHERAPEUTIC DECISION MAKING WITH MRS
Magnetic resonance spectroscopy can be used to determine therapy in a variety of ways. Diseases that impact directly upon the metabolites measured by MRS can be monitored by MRS to determine if therapy is effective. For example, in tumors, the prevalence of an increased Cho signal would indicate the presence of cancerous cells. If therapy is effective, we would expect to see the Cho signal to return to a normal level or concentration. In this manner, MRS is similar to laboratory tests and their impact on therapeutics. Another way that MRS can impact therapy and patient management is by changing the diagnosis in cases where the disease state is unclear or unknown. Using the same example of brain tumors, there are often cases where MRI and other tests have been nondiagnostic for neoplasm. At this point, therapy is difficult to consider without a surgical biopsy. MRS can be used to diagnose the disease from which therapeutic choices can be made. Therapeutic decisions in unexplained coma can be greatly simplified with an interpretable metabolic profile of the normal-appearing brain. The following sections will describe diseases in which MRS can have a dramatic impact on therapy.
Alzheimer's disease
MRS has been demonstrated to be highly specific and sensitive to the diagnosis of Alzheimer's disease. 8 -14 A single blinded retrospective study evaluated MRS in 101 consecutive patients (26 males, 75 females) referred to a medical community geriatric center for memory loss or suspicion of dementia. 15 On the initial visit, the patient underwent a complete evaluation for dementia, which included a history and physical, neuropsychological testing, including Mini Mental State Examination, and laboratory data. MRS was obtained immediately after the patients' first visit. The patients' diagnoses before and after MRS were obtained by a blinded chart review by an experienced clinical geriatrician, independent of the patient-managing physician. The initial clinical diagnosis was made based on criteria defined by the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV). The final clinical diagnosis was made based on the same clinical factors combined with the MRS results. MRS results were expressed in NAA, Cho, and mI to Cr ratios using single voxel short echo (TE ϭ 35 ms) proton spectroscopy in the posterior cingulate gyrus. These ratios were then entered into a database of known AD and non-AD patients and using a predetermined receiver operator characteristic (ROC) of the NAA/Cr and mI/Cr ratios, 13 a diagnosis based on MRS results alone was made (FIG. 3) .
The impact of MRS on clinical management of these AD patients can be demonstrated by examining the changes made between initial and final diagnosis and their agreements with MRS results. 16 In patients who were initially diagnosed as non-AD, MRS results were positive for AD and the final diagnosis was changed to agree with MRS in 20 patients. This was often the case when the clinician was unsure of the diagnosis such as if dementia symptoms were due to either multi-infarct dementia or AD. The clinician often chose AD as the final diagnosis if the MR spectrum was consistent with AD. In patients originally diagnosed with AD, MRS did not agree, and subsequently the final diagnosis reflected a negative diagnosis in five patients. These patients were immediately taken off AD medications and treated for depression or other pathologies. Therefore, 29% of the patients would have been incorrectly diagnosed had it not been for MRS. MRS confirmed initial diagnosis in 53% of the patients, thus reaffirming treatment decisions. In the remainder of the cases, MRS did not affect decision making. The MRS results also changed the treatment plan in 31% of the cases. In a majority of these cases, Donepezil was started based on a MRS result positive for AD. This study was an example of how MRS can be incorporated into the standard work-up for AD and how its diagnostic power can be used to impact upon patient management and treatment. Now that Medicare has approved payment for positron emission tomography (PET) in AD diagnosis, it would be of interest to compare the power of MRI and MRS compared with PET to make such management decisions. On costs alone, MRS has an advantage over PET; more importantly, MRS is completely noninvasive without the use of radioactive reagents and can therefore be performed safely and repeatedly without risk to the patient.
MRS can also be used to measure the effectiveness of neurological treatments and sometimes in more than one way. A pilot study was conducted in a single patient with severe AD where fetal tissue was transplanted bilaterally into the hippocampus in an effort to recover memory function in that region. 17 Single voxel short-echo spectroscopy was used to 1) monitor intrahippocampal neurotransplants to determine if there was rejection of the transplanted tissue; 2) assess the degree of incorporation of fetal tissue into normal tissue; and 3) determine if the transplantation affected the diagnosis of AD.
Previous studies have demonstrated that MRS can be very useful for monitoring neurotransplantation therapy in patients with Parkinson's and Huntington's disease. 18 To understand this application of MRS, we should note that the neuronal marker NAA is an excellent reflection of gestational age of the human brain, reaching its peak concentration only at age 12 years 19 Fetal tissue does not contain NAA (FIG. 4A) . Initially, when the tissue was transplanted into the region, MRS demonstrated low levels of NAA as expected. However, if the grafts incorporated into the tissue had matured to healthy adult neuronal tissue, NAA would subsequently be expressed and MRS could be used to monitor the effectiveness of neurotransplantation therapy (FIG. 4B, bottom) . In selected cases, 20 functional MRI could demonstrate integration of new neuronal connections with these grafts using a motor paradigm to cause their activation and blood oxygen level-dependent (BOLD) response in vivo. If the graft did not incorporate into the tissue, it could result in cyst that is reflected spectroscopically by the presence of lactate in the spectrum (FIG. 4B, top) . It was often difficult to discern on MRI alone whether fetal tissue was successfully grafted into the surrounding tissue due to edema and other confounding factors. MRS provided a completely noninvasive measure that was not only highly diagnostic but safe to repeat at any indicated interval.
In the AD neurotransplantation study, grafts were transplanted unilaterally into the left hippocampus using stereotactic surgery. The patient was then monitored in both the left and right hippocampus before and after surgery. Both MRS and neuropsychological testing were conducted every 3 months after transplantation. Our results with MRS confirmed that viable neurons had developed in the left hippocampus after transplantation and that the transplantation did not result in any negative biochemical effects.
In this study, spectroscopy also doubled as an outcomes measure using the technique described in the previous study. Initially, measurements of NAA and mI in the posterior cingulate gyrus were used to measure disease progression. At 3-month intervals, neither MRI nor neuropsychological tests were sensitive enough to measure any evidence of disease progression. However, MRS results demonstrate progressively decreasing NAA and increasing mI as indicated by red diamonds in Figure  5 . After the neurotransplantation, neuropsychological evaluation only demonstrated an improvement in visualspatial tests; however, MRS demonstrated significant improvements in NAA and mI after surgery. Unfortunately, subsequent MRS examinations indicated further disease progression; nevertheless, this study demonstrates the high sensitivity of MRS measurements for monitoring disease progression.
Brain tumors
Based upon nearly 20 years of clinical practice, it is now commonplace to see clinical decision making based upon results of MRS in patients with suspected or already treated malignant brain tumor. In a study conducted by our clinic, 21 15 consecutive patients were examined by a neurosurgeon who mapped (and sealed) a management plan. Single voxel short-echo proton MRS was then conducted in all 15 patients. The MRS results were reported to the clinician, factored into the clinical decision making, and a final diagnostic and treatment plan was formulated. In the initial treatment plan, stereotactic biopsy was recommended in eight cases, repeat MRI every 6 weeks in three cases, resection in the another three cases, and proceed to chemotherapy in the final case. In the final treatment plan, stereotactic biopsy was avoided in seven of eight cases. Instead of repeat MRI, the MRS results initiated prompt treatment in two cases. In one case destined for resection, MRS showed radiation necrosis and resection was decided against. In remaining cases, MRS confirmed recurrent tumor and the original treatment plan was executed. This implies that in 67% of the cases MRS impacted upon the treatment decisions of the patients with brain tumor. The cases below serve to illustrate how MRS can be used to impact on patient therapeutics.
Radiation necrosis versus recurrence
Although the authors do not advocate that MRS replace stereotactic biopsy altogether (because MRS does not provide complete histological information), MRS is especially useful in cases where MRI demonstrates enhancement, but it is difficult to determine whether it is radiation necrosis (positive treatment response) or recur- rence (negative treatment response). A recent review of this specific application of spectroscopy demonstrates 84 separate published studies representing over 2500 cases where spectroscopy has provided definitive diagnosis where MRI is ambiguous. 22 This review was conducted at the request of the American College of Radiology by the Division of Evidence-Based Medicine at Tufts University Medical School in 2003. Their report, based on the same data, reached the conclusion that MRS lacked benefit. 22 In our study, there are eight cases where spectroscopy identified recurrence or necrosis. In one such case, the neurosurgeon proceeded with biopsy despite spectroscopic diagnosis of necrosis (FIG. 6) . Histopathological results confirmed that there was no evidence of tumor, thereby confirming spectroscopic results. This is an excellent example of how an unnecessary surgery can be avoided by implementation of noninvasive MRS.
In addition, MRS as a noninvasive examination can be repeated often with no risk to the patient. This same patient was followed annually with spectroscopy for the next 5 years. It was not until the most recent examination that a recurrence was discovered, in a new area that was not the original region in question. Upon the MRS diagnosis of recurrence, the surgeon was able to proceed quickly to treatment instead of waiting for symptoms of recurrence or biopsy confirmation. The ability to quickly and safely assess patients truly demonstrates the power of spectroscopy as the virtual biopsy.
MRS is beneficial in situations where biopsy presents unacceptable risk
The noninvasive nature of MRS is essential in cases where brain biopsies carry a risk of particular morbidity, e.g., in diffuse brainstem lesions or those located in eloquent or inaccessible regions. Studies have demonstrated that there is approximately a 10% chance of surgical complications resulting directly from stereotactic brain biopsies. Two of the fifteen patients demonstrated changes in the brainstem, one that presented with a diffuse mass and the other with small enhancing mass. The latter case is illustrated in Figure 7 . A 43-year-old male presented with diplopia and dizziness. Contrast-enhanced MRI revealed a small, enhancing mass in the right thalamus. After seeking six different neurosurgical consults, all of whom recommended biopsy, he consulted with the neurosurgeon involved in our project and was recommended MRS. MRS results demonstrated normal metabolite measurements in the initial examination and subsequent follow-up examination 3 months later. After 6 months, the lesion resolved spontaneously and the patient has been asymptomatic thereafter. A more careful clinical history elicited a closed head injury days before the original presentation.
MRS improves patient quality of life
Some aspects of the study that are not quantified are the nonfinancial but significant benefits of improved quality of life from an accurate and noninvasive diagnostic procedure such as MRS. In cases where serial MRI were recommended, the patients would have un- 
EFFICACY OF MRS IN NEUROTHERAPEUTICS 203
necessarily waited until the tumor spread before treatment could be offered. Biochemical changes are readily identified by MRS before any increases in tumor size or change in shape can be detected. MRS therefore leads to earlier treatment of tumors, thereby reducing the amount of neurological damage sustained by the growth of the tumor but also increasing the chances of clinicians' success by earlier treatment. In one such case (FIG. 8) , an initial MRI showed edema but lack of enhancement, and a follow-up MRI was requested. MRS conducted at the same time as MRI in the initial examination was positive for tumor. At that point, the patient should have, in our practice, proceeded directly to resection. Unfortunately, due to circumstances beyond the physician's control, the patient did not return for treatment until 6 weeks later, by which time the tumor had spread significantly throughout the right temporal lobe and required a greater volume of resection.
HUMAN IMMUNODEFICIENCY VIRUS DEMENTIA AND LESIONS
Previous studies have shown that asymptomatic and symptomatic human immunodeficiency virus (HIV) patients with and without changes in MRI show changes in brain metabolites using MRS, indicating that MRS can be a more sensitive measurement in HIV-related neurological disease. 23 By correlating the metabolite concentrations with the viral load of these patients after treatment, we hypothesized that MRS may be a more sensitive indicator of treatment response.
Nineteen patients with confirmed HIV infection were treated with a highly active antiretroviral therapy (HAART) including at least one protease inhibitor and two nucleoside analogs. 24 
Summed difference spectra readily show significant differences between the groups as shown in Figure 9 . Student's t test show that in the gray matter measurements, the mI/Cr was significantly (p Ͻ 0.05) greater in nonresponders than responders, and NAA was significantly decreased. When compared with control data, the biochemistry within the gray matter of both responders and nonresponders demonstrated a significantly increased Cho/Cr. Nonresponders also demonstrated a significantly increased mI when compared with controls. In the occipital white matter, nonresponders showed a significantly decreased NAA concentration. As in the gray matter, when compared with controls, both responders and nonresponders demonstrate a significantly increased Cho/Cr as well as significantly increased mI in nonresponders. Treated HIV patients with and without negative CD4 and viral load counts showed significant differences in 1 H MRS parameters from controls, demonstrating that it is a more sensitive technique to treatment response. Early experience demonstrated that these changes might be reversible by treatment. In the present study, the importance of such reversibility receives further support in significant differences between the responder and nonresponder groups. We concluded that nonresponders can be identified and monitored by biochemical abnormalities that are in some way indicative of persistent HIV disease. A subsequent study of HIV patients with lipodystrophy further supports the effectiveness of MRS for monitoring outcomes in patients with HIV. 25 Thirty-four patients were examined with proton spectroscopy in the same regions described in the previous study. Results demonstrated significant differences in brain MRS between those patients with lipodys- trophy and those without. These changes include significantly decreased NAA/Cr, which supports the hypothesis that MRS is sensitive to persistent metabolic abnormalities despite normal MRI and viral load counts.
The above studies demonstrate how MRS can monitor treatment effects and impact on patient management in the absence of routine neuroimaging abnormalities by revealing those patients who may require increased dosages of HAART therapy. MRS can most dramatically impact on the choice of therapy for HIV patients with focal changes in routine neuroimaging. Toxoplasmosis, lymphoma, cryptococcoma and progressive multifocal leukoencephalopathy (PML) are four types of CNS lesions that are prominent in HIV patients who are often difficult to diagnosis with MRI alone and have very different treatments dependent on the diagnosis. Neurosurgeons are understandably reluctant to subject such patients to biopsy. Fortunately, MRS can easily differentiate between each of the conditions as each provides a unique metabolic signature. 26 Toxoplasmosis has decreased mI, Cho, Cr, and NAA with a 15-to 20-fold increase in lactate/lipids. CNS lymphomas have increased Cho, lactate, and lipids (but on the same order of magnitude) as well as decreased NAA and mI. PML has increased mI and Cho and decreased NAA and Cr. Cryptococcoma has decreased mI, Cho, Cr, NAA, and increased lipids but not lactate. These different metabolic patterns provide a differential diagnosis that significantly impacts the choice of treatment for each type of lesion.
Furthermore, one can use this metabolic profile for therapeutic monitoring. A recent study demonstrated that MRS was effective in demonstrating the retardation of PML progression by protease inhibitors. 27 Two patients with PML on antiretroviral peptide-T drug therapy were studied sequentially by MRS in both the PML lesion and normal-appearing tissue of gray matter (GM) and/or white matter (WM). Their results were then compared with an untreated patient who demonstrated steadily decreasing NAA/Cr over a period of 12 months. The treated PML patients demonstrated a remarkable stabilization of NAA throughout the entire time period with no change in NAA from the start of treatment until the last examination. This demonstrated, for the first time, that the antiretroviral treatment arrested the progression of PML. Furthermore, there was no change in NAA in normal appearing tissue revealing no evidence of drug toxicity. However, mI was significantly increased in the normal-appearing tissue (both GM and WM) in treated PML patients when compared to normal (134% increased) and may indicate early signs of gliosis. Once again, MRS has proven to provide greater insight into drug therapeutics when other monitoring tools such as MRI and clinical diagnosis were ineffective.
METABOLIC DISORDERS
Spectroscopy can be used to monitor the effectiveness of therapy for metabolic disorders. An asymptomatic boy was diagnosed with x-linked adrenoleukodystrophy at age 3.8 years and was started on the then controversial Lorenzo's oil diet. He remained on the diet up to and including his latest MRS examination at age 11.8 years 28 At various times in the long history, the patient was considered for bone marrow transplant (BMT) even to the extent of identification of a donor and cross-matching. BMT, at that time, carried with it a significant (30%) risk of death. Single voxel spectroscopy was once again acquired in the posterior parietal white matter location described above. Each examination was performed with careful and consistent positioning of the patient and voxel location. Data processing and analytical methods remained the same despite a series of hardware upgrades on the MR scanner. In a series of eight MRS examinations (shown in FIG. 10 ) in a period of 6 years, the 
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patient did not show the increases in Cho/Cr and mI/Cr or decrease in NAA/Cr indicative of disease progression as reported by others. 29 -31 Based on the consistency of 1 H MRS over the 6 years, BMT was delayed, and finally not recommended. The patient has remained healthy and asymptomatic to this day. In this patient, therefore, MRS has been used to determine the appropriate therapy by monitoring cerebral metabolite concentrations to ensure patient health and success.
Other metabolic disorders can also be monitored with MRS. For example, Canavan's disease, a rare genetic disorder that results in white matter changes and a dramatic accumulation of NAA in the brain, can be monitored using spectroscopy. Gene therapy is now available for this disease. Whereas, unfortunately, in this case (as shown in FIG. 11) , MRS demonstrates that the treatment was not successful, as NAA continued to accumulate in the brain, a larger patient series recently completed showed great promise, with stabilization or reversal of cerebral NAA accumulation. 32 Creatine deficiency is another disease that is a result of a rare genetic disorder. As described by its name, this disorder presents a brain spectrum where the Cr peak is missing. When the gene deletion affects Cr biosynthesis, treatment by ingestion of Cr results in the remarkable replenishing of that peak, and partial reversal of the neurological deficit; when the deletion concerns the Cr-transporter, oral replacement is obviously ineffective, all of which can be monitored with MRS.
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SYSTEMIC DISEASE
Spectroscopy can open a window into the brain for a variety of neurological disorders by measuring the impact of systemic disease upon the brain. In particular, renal failure and hepatic disease result in biochemical changes in the brain that often precede any detectable changes in clinical tests. Due to the heightened sensitivity of spectroscopy, it can be used as a primary therapeutic monitoring tool in transjugular intrahepatic systemic shunt therapy (TIPS) and other therapies for overt or subclinical hepatic encephalopathy (HE). 34 -36 TIPS is a novel therapy for life-threatening esophageal bleeding resulting from portal hypertension. MRS was used to measure brain metabolites in those patients awaiting TIPS and after TIPS surgery. It was discovered that 67% of the patients awaiting TIPS already had subclinical hepatic encephalopathy (SCHE) or overt HE. After TIPS, cerebral glutamine was increased in those patients, indicating an increased severity of HE after the surgical procedure. Those patients who showed no evidence of SCHE or HE developed decreased mI after surgery, indicating that TIPS may induce HE in those patients that do not already suffer from it (FIG. 12) . In this sense, MRS can not only be used for monitoring patients for subclinical changes but also to screen TIPS candidates to permit the introduction of preventive therapies which reduce the incidence of overt HE after TIPS.
For the treatment of hepatic encephalopathy by liver transplantation, equally dramatic results can be achieved with neurospectroscopy. Once again, MRS can be used to screen those patients for SCHE or HE using brain metabolites alone. Those who are candidates for liver transplant are examined with MRS both before and after liver transplant. As can be expected, patients with severe HE demonstrate the three by now familiar metabolic changes associated with HE: severely decreased mI, increased glutamine, and decreased Cho. In a study of 14 candidates for liver transplant, MRS was acquired both before and after surgery. 37 Just 7-8 weeks after transplantation, cerebral metabolite abnormalities were completely reversed to near-normal concentrations as shown in Figure 13 . Even those patients with less severe metabolic changes (i.e., only reduced Cho) demonstrated reversal of brain metabolite abnormalities. A single patient in whom such normalization did not occur was found to have a portal vein thrombus which responded to further MRS can also provide criteria from which different choices of treatment can be determined. This is illustrated in end-stage renal failure (ESRF) where the choice of hemodialysis (HD) or continuous ambulatory peritoneal dialysis (CAPD) is offered. In a study of 20 ESRF patients where 15 were on HD and 5 on CAPD, MRS was used to determine the effects of these treatments on brain metabolites. 38 Results of the study demonstrated significantly increased mI and Cho (18% and 12%, respectively) in patients with HD treatment, whereas CAPD demonstrated greater change in Cho than in HD but no change in mI as shown in Figure 14 . In both treatments, NAA was slightly but not significantly decreased. These cerebral metabolite changes are thought to result from osmotic dysregulation as supported by abnormal concentrations of mI in the brain. Conversely, renal transplantation appears to completely normalize cerebral metabolites.
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Hypoxia
The diagnostic and predictive value of 1 H MRS in hypoxic encephalopathy depends upon careful standardization of the MRS technique and an awareness of the strong dependence of spectral appearances and metabolite ratios upon the gestational and post-natal age of the subject. Two spectra are presented (FIG. 15) . In each case MRS was performed at the neonatologist's request after a pediatric neurological opinion suggested severe hypoxic brain injury with very guarded prognosis in both infants. The same brain location (in the watershed area of gray matter in the future posterior cingulate gyrus) and the same 1 H MRS method (PRESS TE 35 ms; voxel size 8 cm 3 ) was selected for each infant: Patient 1 was comatose when examined on day 1, but the neurological outcome was excellent: the child was alert when examined with 1 H MRS again on day 4 (not shown). Patient 2 was examined in coma on day 5 and again on day 35 (not shown). The clinical neurological outcome was poor. The presence of lipid and lactate, as well as lower than
FIG. 11.
Monitoring genetic therapies with MRS in Canavan's disease. Spectra were acquired before and after initial therapy. Unfortunately, as shown in the upper spectra, the medication did not ameliorate the increasing NAA in this case.
normal NAA/Cr, differentiated these two spectra sufficiently to provide prognostic information at the first MRS examination.
Since the early reports of long-echo time, 39 short echotime 40 or chemical shift imaging, 41 1 H MRS has contributed to no fewer than 137 published papers, reviews, and full-length abstracts. Of these, 20 studies covering 459 patients find correlation between MRS performed early (1-20 days after birth) and neurological or neurodevelopmental outcome at up to 1 year. To our knowledge, 1 H MRS is used in neonatal units throughout the world. Despite the many papers, none cites in either abstract or text the term efficacy. Hence, in evidence-based [efficacy-based medicine (EBM)-Cochrane system] analysis, MRS does not feature among the many approved diagnostic management tools for hypoxic brain injury. Given the diagnostic precision discussed in the preceding paragraphs, this is a surprising conclusion. EBM asks another question: does MRS improve patient outcome? MRS studies, which often speak of outcome in the context of neurological sequence of the original insult, miss the point of outcome measure in EBM. Here we know of only one report in which 1 H MRS actually influenced patient outcome. 42 With the approval of the local Hospital Ethics Committee, ventilator support was terminated if 1 H MRS findings, clinical neurology, and EEG all concurred in predicting vegetative outcome as the result of near-drowning. The complexity of researching efficacy in a disease when there is no treatment is well recognized.
We must also consider competing technologies. Depending upon the age of the patient, clinical neurological examination, bed-side ultrasound for detection of intracerebral hemorrhage, infrared spectroscopy for assay of redox-state, computerized tomography (CT) for detection of hemorrhage, cortical atrophy and ventricular dilatation, and above all the ever-growing list of MRI techniques T 1 , T 2 fluid-attenuated inversion recovery (FLAIR), diffusion-weighted imaging, perfusion and magnetic resonance angiography (MRA) must be considered as barriers to use of 1 H MRS. This is because such techniques are familiar and accepted as efficacious by international regulatory bodies. To be fair to 1 H MRS, studies need only to report efficacy equal to one other of the procedures to pass the test of efficacy-based medicine. Only two published reports have been found which meet these stringent requirements. 42, 43 A single welldesigned, multiple-site clinical trial involving a total of 100 cases of neonatal (or adult) hypoxic-ischemic brain injury would be extremely beneficial toward correcting this defect. 
FIG. 13.
Effect of liver transplant in a patient with chronic hepatic encephalopathy. Pretransplant spectra were acquired 1 year before liver transplantation. Note that all three spectral changes for HE are present: severely decreased mI, increased Glx, and decreased Cho. The post-transplant spectra were acquired just 7 weeks after surgery. Note that all of the metabolic changes in HE are now reversed: mI, Glx, and Cho have returned to normal levels.
PART II
What does the neurologist have to gain from the use of MRS?
The previous discussion, based largely upon anecdotal or small published studies from our clinical practice of MRS, introduces several opportunities for the treating clinician. If we can, through MRS, at minimum cost and little inconvenience to our patients, add precision to existing diagnoses, make new and unexpected diagnoses, define responses to therapy rapidly and noninvasively and in a time-frame that permits real-time modifications, alter our treatment regime or predict the neurological outcome early in a hospital stay, much is to be gained. The intellectual advantages are obvious; the cost-benefits equally so. The patient benefits in terms of quality of life and the societal benefits that flow from the improved application of medical technology to neurology are likely to be great. Translating the current state of knowledge to neurological practice is more difficult, not least because of the scattered supportive evidence for MRS. An important missing factor is an available literature on efficacy of MRS in clinical decision making and therapeutic choice. We have extracted from over 20,000 published MRS reports known to us, a fraction (approximately 30) of papers that include this goal in the title, abstract, and results. This provides much less assurance than needed to alter neurological clinical practice. To do that requires (still!) well-organized prospective clinical trials of diagnostic impact for each of the MRS findings in more than 100 neurological diagnoses that have been demonstrated to date. This aspect is addressed below (Section III). Here we ask ourselves why after more than 20 years of MRS in clinical neurology, and quite unlike PET, singlephoton emission computer tomography, electro-encephalogram (EEG), and magneto-encephalogram (MEG), the technique of MRS has thus far failed to gain acceptance among clinicians? MRS, as a functional and chemical analytical tool, has not sat easily within the MRI establishment where training and experience focus on structural anatomy. Treating physicians, in this case usually neurologists, must be responsible for the ordering, evaluation, and reading of the spectra on their own patients. The nuances of MRS are at least as complex as those of the electrocardiogram or EEG, both of which are firmly in the hands of clinicians of their specialtiescardiology and neurology, respectively.
PART III Toward evidence-based MRS in neurological diagnosis and treatment
MRS recently failed its only test at the hands of EBM! Prepared by the Tufts-New England Medical Center Evidence-based Practice Center, the review assessed the value of MRS for diagnostic evaluation, surgical planning and patient management of space-occupying brain tumors (Agency for Healthcare Research and Quality; Contract No. 290-02-0022) and was published on-line in April 2003. 22 The report never received peer review and is no longer available on the CMS web site. Despite that, a recent ruling by Medicare determined after several years of approved use under CPT 76390 that MRS is "investigational." The brief conclusion is given in full here, and summarized with the present authors' comments as Table 1 .
"Human studies conducted on the use of MRS for brain tumors demonstrate that this noninvasive method is technically feasible and suggest potential benefits for some of the proposed indications. However, there is a paucity of high quality direct evidence demonstrating the impact on diagnostic thinking and therapeutic decision making. In addition, the techniques for acquiring the MRS spectra and interpreting the results are not well standardized. In summary, whereas there are a large number of studies that confirm MRS' technical feasibility, there are very few published studies to evaluate its diagnostic accuracy and whether it can positively affect diagnostic thinking and therapeutic choice. Those studies that do address these areas often have significant design flaws including inadequate sample size, retrospective design and other limitations that could bias the results." The italics are ours: automation, standardization and systematic reporting of MRS, identified as lacking from the published literature on MRS is actually a "fact-of-clinical-life" and available to all clinical Neurospectroscopists from whatever discipline, 44 and can reasonably be expected to dominate all future publications (see Recommendations, below).
The effects of this utterly negative assessment have been dire based on this single adverse EBM. Medicare has reversed its reimbursement for CPT 76390 for MRS in all neurological diagnoses, declaring MRS once again investigational for all clinical applications, not merely the one examined in the EBM. What went wrong? What can be done?
What went wrong is identified with great precision by the authors of the Technology Assessment and recommendations to right these wrongs.
1. Lack of standardization in acquisition and interpretation of MRS? MRS, to the expert, is a rather simple and quantitative science. Different magnetic field strengths, different methods of localization, single or multiple spectra, acquisition protocols, different expressions for metabolite ratios, and markedly different appearances of the spectra themselves are of no consequence to the expert. They are no more baffling than the differences between T1-or T2-weighted MRI and should not have been of much concern to the assessors in this case. The story in brain tumor is relatively simple, with 5 well-rehearsed biochemical markers that distinguish recurrent tumor, from necrosis and tumor from other mass lesions. They are, however, very difficult for the uninitiated. The assessors took the easy way out-one metabolite (choline) rather than 5-and confusion over which ratio to believe. H MRS in hypoxic encephalopathy. Two pairs of studies are presented, and in each case MRS was performed at the neonatologist's request after a neurological opinion suggested severe hypoxic brain injury with very guarded prognosis: Patient 1, in whom the neurological outcome was excellent, was a comatose infant examined on day 1 and again on day 4 (not shown). Patient 2, in whom neurological outcome was poor, was examined in coma on day 5 and again on day 35 (not shown).
We now have a near-consensus among manufacturers and users (MR technologists bear the primary responsibility and have, to date, received no systematic training, although such programs are becoming available 45 ), with normative data for all common MRS techniques. Perhaps it is time for journal editors, reviewers, and typesetters to apply a Vancouver Convention to their MRS publications? At the very least, the clinician should insist upon a convention for MRS. (Interestingly, no such convention has been applied to MRI protocols, which also differ greatly from one Institution and one diagnosis to another, despite many years of exhortation from authors of textbooks of radiology.) Perhaps we can do better in MRS?
2. The assessors identified poor study design! The practice of MRS has been almost exclusively "defensive" up to now. By which we mean, the authors are more concerned with avoiding criticism of their fledgling technique, dotting i's and crossing t's but ignoring controls, blind studies, reference to gold standards and above all, working with far too few patients. Hence, the summary that 90% of all accepted literature dealt with technical features-and thankfully that is now in the past. Studies in the future should concentrate on issues of efficacy, effect on patient management, improved clinical outcome, and societal impact.
3. Clinical trials almost entirely avoided the real questions-possibly because they are only now for the first time being clearly enunciated. EBM (and Medicare) want impact, not information. Those (mostly scientists) who have dominated clinical MRS trials live in a different world where accurate information is knowledge, knowledge is paramount, and impact is self-evident. Not so for EBM-impact must itself be quantified. In this assessment (of brain tumor), only three papers from two institutions fit the ideals of EBM! We have added approximately 30 papers we have casually identified which address impact of MRS in this and other neurological diagnoses (see references). Nonetheless, studies to specifically address those concerns by EBM must be undertaken.
4. Although the assessors cannot be criticized for doing what they were asked by the American College of Radiology and DHSS, in the opinion of the authors, this was the wrong battlefield on which to fight for the future of MRS in neurology. Given the almost stagnant state of therapy, tumor diagnosis in the brain currently has so little impact that improving it by even a healthy margin, as MRS undoubtedly does, has almost no bearing on clinical outcome, which is universally dismal. We would hope that the next EBM evaluation will be in areas where diagnosis and therapeutic monitoring decisions can be decisive. Several of these are offered in the earlier part of our article.
A recent search for clinical utility and efficacy of spectroscopy across the multitude of neurological diseases covered in this review is included. 46 -93 
